a N doped reduced graphene oxide nanosheets (N-GNSs) with controllable N-doping and integrated with stainless steel are explored as an efficient metal-free catalyst for the I 3 2 reduction reaction, revealing evident correlations between the electrocatalytic activity and the N-doping content of graphene. In addition, it is found that V OC is enhanced by about 60 mV for the cells constructed with N-GNSs and the increment of V OC increases with a decreasing amount of N-doping, as expected from the trend in the flatband potential (E fb ).
Introduction
Dye-sensitized solar cells (DSCs) introduced by Grätzel and O'Regan two decades ago have aroused an intense interest owing to their low production cost and relatively high light-toelectricity conversion efficiency (g). 1 In a typical DSC, the photon-induced oxidation of a sensitizer occurs at the TiO 2 photoanode, while the reduction of the standard redox species, iodide/triiodide (I 2 /I 3 2 ), used as a mediator in regenerating the sensitizer after electron injection, occurs at the counter electrode (CE). [2] [3] [4] However, the reduction of I 3 2 is sluggish in nature and traditionally requires the exclusive use of Pt-based catalysts. 5 Because of the high cost and rare source of Pt, substantial efforts have been dedicated to developing DSC CEs using non-noble metal catalysts, including carbonaceous materials 6, 7 , conductive polymer 8, 9 and inorganic materials. [10] [11] [12] Graphene nanosheets (GNSs), a monolayer of carbon atoms covalently bonded into a hexagonal lattice, have received a great deal of attention among various options, because of their exceptional surface area, high optical transparency, as well as excellent thermal/chemical stability. [13] [14] [15] Perfect graphene does not seem to be the right candidate for a DSC CE on account of the limited number of active sites for the I 3 2 /I 2 electro-catalysis, although it possesses an extremely high conductivity. 16, 17 There seems to be a general consensus that the performance of DSCs employing a GNSs CE is mainly contingent upon the electronic structure and surface chemistry of graphene. Kavan et al., for example, have suggested that the electrocatalytic activity for the I 3 2 reduction might be bound up with the oxygen-containing functional groups and the lattice surface defects of graphene nanosheets. 18 Furthermore, Roy-Mayhew et al. presented graphene CEs with controlled C : O ratios and they found that the electrochemical properties are proportional to the concentration of oxygencontaining functional groups in a graphene sheet. 19 However, DSCs utilizing partially reduced graphene oxide as the CE exhibited a low conversion efficiency equal to 40% of that of a Pt-based cell, because such rich oxygen-containing groups decrease the electrical conductivity of graphene. Therefore, it is suggested that the electrical conductivity of GNSs significantly affects their electro-catalytical behavior and their photoelectric performance. Chemical doping with nitrogen (N) atoms is proved to be an effective strategy to regulate the electronic structure of graphene and thus produce systematic changes in the chemical properties. 20 Theoretically, the lone electron pairs of N atoms can form a delocalized conjugated system with the sp 2 -hybridized carbon frameworks and can be allocated in the conduction band of the pristine graphene, resulting in a consequent shift of the Fermi energy. 21 More importantly, when the N atom is bonded with a carbon framework, it introduces a defect in the nearby sites due to difference in bond length and atomic size, and induces a higher positive charge distribution on the adjacent carbon atoms because of the electron-withdrawing ability of N, and thereby strongly enhance the reactivity and electrocatalytic performance of graphene. 22 Recent reports have demonstrated that N-doped graphene nanosheets (N-GNS) show excellent electrocatalytic a Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of activity toward the I 3 2 reduction, 23, 24 which reveals the possibility of replacing expensive Pt-based catalysts in a DSC system. However, the impact of the degree of N-doping functionalization on the apparent electrocatalytic performance has not been studied in detail. Herein, we provide a thorough analysis of DSCs based on N-GNSs, synthesized by the heat-treatment of graphite oxide (GO) under an ammonia atmosphere at a temperature range of 600-900 uC. The degree of N-doping functionalization can be tuned by the elevated temperatures. Nevertheless, the change in electronic conductivity of N-GNSs is inevitably concomitant with the N-doping on the carbon material and its impact on the apparent electrocatalytic performance could not be ignored as mentioned above. In order to directly exploit the effect of the N-doping functionalization on the electrocatalytic activity of graphene nanosheets, a stainless steel mesh was chosen as the current collector instead of fluorine doped tin oxide (FTO), since its excellent electrical conductivity and intimate contact with N-GNSs is desired to compensate the variable conductivity from N-doping at different temperatures. We investigate the N-doping influence by X-ray photoelectron spectroscopy (XPS) characterization, cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and MottSchottky analysis. These results lead to insights into the degree of doping at various temperatures, the role played by the N-doping content in the reaction activity and the flat-band potential shift of the resultant graphene sheets.
Preparation and characterization of N-GNSs
N-GNSs were synthesized from graphite powder according to our previous study. 25 Graphite oxide (GO) was prepared as previously reported by Hummers and Offeman using commercial graphite powder (Aldrich, powder, 20 micron, synthetic). The GO obtained was then dried at 60 uC for 4 h in a vacuum oven, and followed by heat treatment at 600-900 uC for 2 h under an ammonia atmosphere to obtain N-GNSs. The CE was prepared by dispersing N-GNSs and polytetrafluoroethylene (PTFE) in distilled water, with a weight ratio of 90 : 10, respectively. The resultant slurry was pasted on a 0.5 cm 6 0.5 cm square stainless steel current-collector pressured at 15 MPa. The DSC with an active area of 0.16 cm 2 was constructed as described previously in the literature. The EIS results were analyzed using the Zsimpwin software. Morphological information was attained from field emission scanning electron microscopy (FESEM, HITACHI S-4800). X-ray diffraction (XRD) patterns were recorded with a Bruker-AXS Micro-diffractometer (D8 ADVANCE).
Results and discussion
From the scanning electron microscopy (SEM) image (Fig. 1a) of the product, we can clearly observe the curled and overlapped nanosheets. Furthermore, the transmission electron microscopy (TEM) image (Fig. 1b) reveals that the N-GNS exhibits a typical wrinkled structure with corrugation and scrolling, resulting from thermodynamically stable bending. 26 Both the SEM and TEM images indicate that the twodimensional structure of the graphene nanosheets is well maintained after doping with N. The XRD patterns of the GO and N-GNS are presented in Fig. 1c . Compared to the GO pattern, the peak centered at a 2h angle of about 11u has disappeared in the N-GNS pattern, whilst the peak at about 26.5u has emerged, which is due to the loss of oxygen containing groups and the formation of graphene. 27 Additionally, an obvious N peak is clearly detected from the XPS spectra of N-GNS (Fig. 1d) , revealing the presence of N in the graphene nanosheets. The O1s peak mainly arises from thermally stable groups in GO, such as quinine, besides some oxygen or water absorbed on to the surface of the N-GNSs. In order to elucidate the relation between the electrochemical property and the N-doping content of the as-prepared N-GNSs samples, the electrochemical impedance spectra (EIS) was measured in a symmetric sandwich cell configuration consisting of two identical CEs. 29 The Nyquist plot and the Bode phase plot are illustrated in Fig. 2 . For this system, a typical EIS spectrum for a DSC exhibits two semicircles in the Nyquist plot or two characteristic frequency peaks in a Bode phase plot. 30 According to previous studies, the highfrequency (around 100 KHz) intercept on the real axis represents the series resistance (R s ). 31 The characteristic in frequency regions between 1 kHz and 100 kHz is assigned to the charge-transfer process on the CE while the ones in the low-frequency is attributed to the Nernst diffusion impedance of the I 2 /I 3 2 redox species in the electrolyte. It is worth noting that the N-GNSs samples are close to each other in R s , as we expected, confirming that the difference of conductivity among various N-GNSs CEs can be neglected by using a stainless steel mesh as the current collector. R ct is an effective and widely used parameter for investigating the charge transfer process and thereby for evaluating the catalytic activity of a catalyst. A large R ct , presented by the semicircle in the high-frequency regime, indicates a sluggish electron transfer, whereas a small R ct implies a facile electron transfer and thus ensures a higher J SC for the pertinent DSC. 32 As shown in Table S13 , the simulated R ct values are in the order of N-GNS 600 (5.76 V cm 22 ) , N-GNS 700 (7.93 V cm 22 ) , N-GNS 800 (9.07 V cm 22 ) , N-GNS 900(12.97 V cm 22 ).
Correspondingly, the characteristic frequency shown in the Bode phase plots is in the decreasing order of N-GNS 600 . N-GNS 700 . N-GNS 800 . N-GNS 900, which is positively correlated with the catalytic activity. 33 These results illustrate that the activity of the N-GNSs is in the following order: N-GNS 600 . N-GNS 700 . N-GNS 800 . N-GNS 900.
To gain further insight into the catalytic properties of the as-prepared N-GNS CE, cyclic voltammetry (CV) was conducted in a three-electrode one-compartment cell with the gained N-GNS as the work electrode, Pt foil as the counter electrode and an Ag/Ag + as the reference. As shown in Fig. 3 , the Pt electrodes display two typical pairs of peaks, where the relatively negative pair is assigned to the redox reaction (1) and the positive one is ascribed to redox reaction (2).
All the N-GNS samples present two pairs of well-defined peaks and a similar peak potential to Pt, which indicate an excellent electrocatalytic characteristic like Pt. The value of peak separation (DE p ) for I 3 2 /I 2 is N-GNS 600 (0.369 V) ,
N-GNS 700 (0.416 V) , N-GNS 800 (0.506 V) , N-GNS 900 (0.604 V). It is deduced that the electron transfer rate of the N-GNSs presents the following order: N-GNS 600 . N-GNS 700
. N-GNS 800 . N-GNS 900, according to the previous literature, 35 which is in accordance with the EIS results.
XPS was used to investigate the structural differences of these N-GNS films at different temperatures, shown in Fig. 4 and Fig. S1. 3 The atomic content of C, N and O elements in these samples calculated from the XPS spectra is quantitatively depicted in Table 1. XPS of C1s ranging from 282 to 292 eV is shown in Fig. 4b . Generally, there are several different C groups in chemically synthesized graphene nanosheets, which are characterized by the appearance of several spectral peaks. The main peak of C1s at 284.8 eV is related to the graphite-like sp 2 C (C1), indicating that most of the C atoms in the N-GNS are arranged in a conjugated honeycomb lattice. While another two weak peaks at 285.7 and 287.5 eV suggest the formation of the different bonding structures of the C-N bonds, corresponding to the N-sp 2 C (C2) and N-sp 3 C bonds (C3), respectively, and it would originate from the substitution of the N atoms, defects or the edge of the graphene sheets. 28 As is well-known, it is difficult to clearly discern the peak of CLO, since it is overlaid with C-N around the binding energy of 287.5 ¡ 0.5 eV. The small peaks at 289 eV correspond to C-CLO (C4). The N1s peaks of the N-GNSs samples can be fitted into three peaks centered at 398.2, 400.1 and 401.7 eV, indicating that the N atoms are in the three different bonding characters inserted into the graphene network (Fig. 4c) . The peaks at 398.2 and 400.1 eV correspond to ''pyridinic'' (N1) and ''pyrrolic'' N (N2), respectively. They refer to the N atoms which are located in a p conjugated system and contribute to the p system with one or two p-electrons, respectively. The peak at 401.7 eV corresponds to ''graphitic'' N (N3), which refers to the N atoms replacing the C atoms inside the graphene layers. These results demonstrated the successful doping of N into the graphitic layer of graphene. Their molecular bonding structures are depicted clearly in Fig. 4d .
It can be seen from Table 1 that the N atomic content decreases monotonically from 4.16% to 1.71% with an increase of the annealing temperature from 600 uC to 900 uC, and that the pyridinic and pyrrolic N species (N1 + N2) are predominant in these N-GNS samples. Although the mechanism of N doping and the formation process of three types of N species remain unclear, it is unambiguous that the incorporation of N atoms into the flat lattice of graphene and the bonding reconstruction can be controlled by the annealing temperature. In association with our XPS analysis of the N-GNSs, that is, with the increase of the annealing temperature from 600 to 900 uC, the content of O is kept constant while that of N is significantly alleviated. Therefore, it is reasonable to believe that an enhancement of the N-doping content is crucial for the promotion of the electrocatalytic reaction in the triiodide reduction.
Subsequently, the photovoltaic performances of DSCs dependent on the N-GNSs CEs were evaluated as shown in Fig. 5 and the detailed parameters are summarized in Table 2 . As a reference, the DSC with typical Pt has an open-circuit voltage (V OC ) of 0.796 V, a short-circuit current density (J SC ) of 13.26 mA cm 22 and a fill factor (FF) of 69.39%, leading to a conversion efficiency (g) of 7.33%. In contrast to earlier reports, the FF values of these N-GNSs have been highly enhanced and exceeded 71%. 24 This could be attributed to the robust electronic bonding between the N-GNSs and the stainless steel substrate, proved by a previous report. 36 Consequently, the energy conversion efficiencies of the cells with N-GNSs yield 8.03% for N-GNS 600, 7.85% for N-GNS 700, 7.69% for N-GNS 800 and 7.65% for N-GNS 900, respectively. They are superior to that of cells with Pt CEs under the same testing conditions. Notably, the V OC values of the as-prepared N-GNSs-stainless steel cell are all larger by about 60 mV than that of the Pt CE cell and GNS (Fig. S2, ESI3 ), indicating that the N-doping may be responsible for the observed advantages in V OC . After N-doping, the surface electronic structure and energy level of the host metal are drastically changed, which results in the shift of the flat-band potential (E fb ) level and thereby strongly enhances the reactivity and electrocatalytic performance of graphene. 37 That means that the charge transport resistance in the cells using N-GNSs is much smaller, producing a high electron density on the conduction band of TiO 2 , thereby causing the increase in V OC . 36, 38 Mott-Schottky (MS) analysis is a common tool used to investigate the semiconductor-electrolyte interface. The inverse square of the capacitance (C SC ) of N-GNSs are plotted against applied potential bias in Fig. 6 (MS plots), along with the linear fits in the depletion regions. N-GNS is always reported as an n-type semiconductor. However, the presence of the physisorbed molecular oxygen may lead to the transformation of an n-type semiconductor to a p-type semiconductor. 39, 40 Herein, the obtained N-GNS CEs manifest the typical behavior 
where k, N and A are the dielectric constant, density of acceptors within the space charge region and the effective surface area of the semiconductor. As shown in Fig. 6 , the positive shift of E fb increases as the N-doping content decreased, therefore, there are great possibility that the shift of E fb may result in the systematic change of V OC seen in Fig. 5 .
Conclusion
In conclusion, N-GNSs with controllable N-doping were synthesized by the heat-treatment of GO under an ammonia atmosphere and then were pressed onto a stainless steel mesh to be scrutinized as low-cost CEs in DSCs. Profiting from the presence of stainless steel mesh, we evaluated the effect of the different content of N-doping groups on the catalytic activity of the materials. It is demonstrated that the performance of DSCs is dependent on N-doping and that an increasing N-doping results in an increase of the material's apparent catalytic activity. By incorporating the attractive features of abundant N-doping and the excellent electronic conductivity together, the DSC using these CEs achieves a high energy conversion efficiency of 8.03% for N-GNS 600, 7.85% for N-GNS 700, 7.69% for N-GNS 800 and 7.65% for N-GNS 900, respectively, which is superior to that of cells with Pt (7.33%) under the same testing conditions. Furthermore, we demonstrate that the different energy levels of the p-type semiconductors account for the different V OC values of cells with N-GNS CEs.
